A genetically determined hyperlipidemic strain of New Zealand White rabbit that has features in common with combined familial hyperlipidemia in humans has been identified. The morphologic findings in a few animals fed a normal chow diet are reported. These consisted of macroscopically visible aortic intimal elevations found in the greatest number in the descending thoracic aorta. The plaques showed the presence of a cell population consisting of modified smooth muscle cells and lipid-laden macrophages. The lesion bases were necrotic and acellular, and some showed the presence of dystrophic calcification. Scanning electron microscopy revealed numerous monocytes attached to the endothelium. Endothelial defects were common, and these were filled with swollen and "ruffled" macrophages. Transmission electron microscopy confirmed the presence of lipid-laden cells penetrating between adjacent endothelial cells. These findings resemble those reported in a number of different animal species after dietary induction of hyperlipidemia. This strain is a useful new model for the study of atherogenesis. (Arteriosclerosis 7
A rterial lesions resembling those seen in human atherosclerosis have been recorded in cholesterolfed rabbits 12 and in chow-fed rabbits with pronounced hyperlipidemia due to a genetic defect (the Watanabe heritable hyperlipidemic (WHHL) rabbit). 3 " 5 The cellular pathology of the arterial changes in the WHHL rabbit has recently been described in terms of both the light microscopic and the ultrastructural appearances. 6 We identified another strain of New Zealand White rabbit in which there is a pronounced, genetically determined hyperlipidemia of a type distinct from that seen in the WHHL rabbit. The biochemical basis of this metabolic defect is described in our companion paper, 7 whilst in this paper we present some preliminary findings on the arterial pathology associated with this abnormality. In addition to light and transmission electron microscopy, scanning electron microscopy was employed to reveal the surface features of the aortic endothelium in these animals after perfusion fixation.
Methods
A male New Zealand White rabbit was found by chance to have an elevated plasma cholesterol level (350 mg/dl). After selective breeding for this trait was carried out, a colony of hyperlipidemic animals was established. 7 After weaning, rabbits were reared in individual cages and were fed on SG1 commercial rabbit feed (Grain Harvesters Limited, Canterbury). This diet included 10% of white fish meal and contained 0.053% (wt/wt) of cholesterol. Control rabbits received the same diet and were reared under identical conditions. All procedures carried out on the animals were approved by the Home Office Animal Licencing Inspectorate.
Three animals aged between 9 and 18 months and with plasma cholesterol levels of 350 to 615 mg/dl were perfusion-fixed. These were examined by light microscopy and ultrastructurally using both transmission and scanning electron microscopy. Material from five more rabbits, aged between 2 and 14 months and with blood cholesterol levels between 225 and 510 mg/dl, was obtained postmortem, and this was examined both macroscopically and by light microscopy.
Rabbits that were to be perfusion-fixed were first anesthetized with intramuscular injections (0.4 ml/kg) of the neuroleptanalgesic "Hypnorm" (Janssen Pharmaceutica, Belgium: injectable solution containing 0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone). This was supplemented with sodium pentabarbitone intraperitoneally (60 mg/kg). Following anesthesia, the left common carotid artery was exposed and cannulated. The animals were then exsanguinated from the right femoral artery while being perfused with oxygenated Krebs-Ringer solution at 37° C and 130 mm Hg pressure, followed by perfusion fixation with 2.5% (vol/vol) glutaraldehyde in cacodylate buffer (pH 7.2) at the same temperature and pressure for twenty minutes.
The aorta was dissected out from the aortic arch down to the bifurcation and placed in fresh fixative for a minimum of 12 hours at 4° C. Figure 1 for dividing the aorta into pieces for light microscopy and scanning and transmission electron microscopy. Specimens for light microscopy were dehydrated, embedded in paraffin wax, sectioned, and stained. The coronary arteries were also cut up and similarly processed for light microscopy.
Postmortem material, which included areas both with and without visible lesions, were first fixed in 10% phosphate-buffered formalin before being cut up and processed either by dehydration, wax embedding, and sectioning or by freezing and cutting of frozen sections. Wax sections were stained with hematoxylin and eosin, whilst the frozen sections were examined under polarized light or stained with oil red O.
Tissues for electron microscopy were first rinsed in the buffer and then post-fixed in 1 % osmium tetroxide (wt/vol) for 1 hour. Transmission electron microscopy specimens were dehydrated through an ethanol series and were embedded in Araldite after treatment with propylene oxide. Thin sections were cut on a Reichert OM U4 ultramicrotome, were mounted on copper grids, were stained with uranyi acetate and lead citrate, and were examined on either a Jeol 100S or a Philips 301 transmission electron microscope.
The remaining scanning electron microscopy specimens were likewise dehydrated using an ethanol series and were transferred to trichlorotrifluoroethane from which they were critically point dried using carbon dioxide as the drying fluid. These dried specimens were then carefully cut along their length, mounted on stubs, coated with gold/palladium in a sputter coater (Polaron Limited); then repre- 
Results

Macroscopic Features
The aorta of a 2-month-old animal showed no macroscopic abnormalities ( Figure 2 ). From about 6 months onwards, lipid-rich lesions became easily identifiable on examination with the naked eye. The most severely affected area was the descending thoracic aorta which, in some animals, showed almost confluent Involvement by whitish, slightly raised lesions. However, some lesions were seen throughout the aorta. The lipid-rich nature of these was confirmed by staining the specimens with Sudan III and IV (Figures 3 and 4 ).
Light Microscopy
Hlstological examination of affected areas showed a considerable degree of intimal thickening which involved in some instances approximately 60% of the circumference of the aorta. In the most severe lesions the affected intima was 8 to 10 times thicker ( Figure 5 ) than that seen in normocholesterolemic or in adjacent noninvolved areas of the intima in hypercholesterolemic animals.
The intimal cell population was increased in number and many of these cells, particularly those immediately beneath the endothelium, were enlarged and foamy. In some lesions the internal elastic lamina under the thickened areas of the intima appeared to be disrupted; such breakages were not seen in unaffected areas. Some increase in the collagen and elastin content of the intima in the affected areas, as judged from sections stained by the van Gieson and the Verhoeff elastic/van Gieson methods, was noted ( Figure 6 ). In all three perfusion-fixed animals, particularly the most severely hypercholesterolemic one, there was intimal cell necrosis, and the basal and midportions of the plaque-like lesions were virtually acellular (Figure 7) . This was confirmed on examination of lesions by transmission electron microscopy (see below) ( Figure 8 ). In sections stained with hematoxylin and eosin, there was some punctate basophilia in the acellular areas. Positive staining by the von Kossa method showed that these areas represented foci of dystrophic calcification ( Figure 9 ). In addition, some similar areas of calcium deposition were noted within the media. Transmission electron microscopy of such areas failed to show the vesicle-like structures described in the prelesional stage of atherogenesis in cholesterol-fed animals. 8 Frozen sections of the lesions stained with oil red 0 showed abundant positive staining. Much, though clearly not all, of the lipid appeared to be intracellular ( Figure 10 ); this impression was confirmed on electron microscopy (Figures 8,11 ). Examination of these sections in polarized light showed that the lipid was brilliantly birefringent and the anisotropism was present both in the needle-like crystalline deposits and in the rounded droplets ( Figure 12 ).
In the coronary artery tree, occasional intimal lesions were noted in the 18-month-old animal. These were in the proximal portions of the anterior descending and circumflex branches of the left coronary artery. These lesions were characterized by an increase in the smooth muscle cell population, and there was no evidence of necrosis at the bases.
Transmission Electron Microscopy
Endothelial cell morphology was essentially normal, although a few cells which we deemed to be endothelial contained vacuoles which may represent intracytoplasmic lipid (Figure 13 ). In a few of the blocks, endothelial cells were separated from each other by large cells with ruffled plasma membranes, numerous lipid-containing vacuoles, and occasional myelin figures (Figure 14) . These cells, which appeared to project into the lumen of the aorta, were regarded as lipid-laden macrophages in the process of either leaving or gaining access to the vessel wall as de-scribed by Gerrity. 9 ' 10 Similar cells lying completely beneath the endothelium could be seen in some areas (Figure 11 ). However, part of the cell population of the thickened intima consisted of cells whose appearance suggested smooth muscle origin with elongated cell profiles, 'dense bodies' situated at the periphery of the cells, and evidence of basal lamina formation ( Figure 15 ). In some cells, the degree of lipid loading was so great that Figure 6 showing numerous, large foam cells, many of which lie Immediately beneath the endothelium. The deeper two-thirds of the lesion is virtually acellular and shows stippling with small ring-like basophilic deposits. Paraffin section at 6 /im stained with hematoxylin and eosln. Bar = 50 /im. accurate identification of the cell type was impossible. Where morphological Identification could be made with confidence, the relationship between the smooth muscle cells and the macrophages appeared to be a random one.
Numerous collagen fibers were seen within the thickened intima, most of these being randomly dispersed. While much of the lipld, particularly in the most superficial parts of the lesions, was intracellular, some extracellular lipkj deposition was noted; part of this was present in the deeper zones In the form of needle-like, so-called 'cholesterol clefts' (a well recognized artifact of preparation) (Figure 8 ).
Scanning Electron Microscopy
Scanning electron microscopy showed that the endothelial surface was not uniform. In places the relatively smooth . This light micrograph of a frozen section from a 14-month-old rabbit shows abundant darkly stained llpid. In the more superficial parts of the raised lesion, the distribution pattern suggests that much of the lipid is intracellular. In the deeper portion, there is a generalized stippling suggesting that the lipid in this area is extracellular. Oil red O stain. Bar = 100 /xm. Figure 11 . Electron micrograph of a lesion from an 11 -monthold rabbit shows the irregularity of the intimal surface caused by the presence of cells containing many lipid-filled vacuoles. Bar = 0.5 fim. and flat intimal surface with well marked cytoplasmlc boundaries normally seen in rabbit vessels fixed under pressure ( Figure 16 ) was replaced by linear areas of swelling with endothelial cells stretched over subendothelial 'humps' (Figure 17 ). Such appearances were particularly apparent in the intJma related to the proximal parts of branches where the wall shear rates are likely to be low. 11 ' 12 In some preparations, there were focal defects on the endothelial cell lining (Figure 18 ). The presence of cells with markedly ruffled plasma membranes adherent to the underlying tissue in these areas suggested that the defects were not artjfactual in nature and might represent areas in which subendothelial macrophage accumulation had occurred. This view was strengthened by finding in other areas groups of cells which we regarded as monocytesmacrophages. These not only adhered to the endothelial surface but also protruded between adjacent, apparently intact, endothelial cells as if some of the latter had been 'lifted away' from their neighbors (Figure 19 ). Droplets of differing sizes were seen on the luminal surface near the affected areas. We have seen these before in SEM preparations of lipid-rich arterial lesions, and they may well represent an artifact of preparation. No microthrombi or unequivocally identifiable individual platelets were seen near these endothelial defects.
Discussion
The strain of rabbit used in this pilot study appears to represent a new model of inherited, endogenous hyperiipidemia that is not caused by a receptor defect like that in The metabolic abnormality found in this new strain is associated with the appearance of focal intimal elevations characterized by a considerable increase in the intimal cell population. The purely morphological observations we have made suggest that this cell population consists of an admixture of smooth muscle cells, modified smooth muscle cells, and macrophages; however, confirmation of this and assessment of the relative contributions of each of these cell types must await the identification of appropriate cellular markers by the use of monoclonal antibodies.
The adherence of numerous cells which have the sur-face ultrastructural features of macrophages and the presence of such cells near areas of endotheiial denudation are similar to descriptions of the arteries of animals with dietinduced hypercholesterolemia. 9 ' 10 ' 13 ' 14 While it is Impossible to know whether these cells are entering or leaving the arterial intima, the smooth edges of the endotheiial defects and the heavy lipid accumulation within these cells as seen on TEM examination suggest that they have engulfed LDL. Macrophages are known to have receptors for both native and modified LDL. 15 ' 16 Whether the activated macrophages within the intima, through their wide range of secretory activities, 17 " 19 contribute to the intimal necrosis at the plaque bases is at present still speculative. The adherent platelets noted by Fagglotto and his associates 13 ' 14 have not thus far been seen In this model. However, such microthrombi in hypercholesterolemic primates were found in the iliac arteries only during the stage of fatty streak induction and only involved the aorta after a much longer period on the hyperlipidemia-inducing diet.
A striking feature of the intimal lesions in this strain, as indeed in those encountered in the WHHL rabbit, is the presence of necrosis at the center and base of the intimal plaques, a feature much more characteristic of human atherosclerotic plaques than of the lesions resulting from continuous diet-induced hyperiipidemia in the New Zealand White rabbit. 2 -*>• 21 All eight hyperiipidemic rabbits examined by either light microscopy, electron microscopy, or both, have shown the presence of arterial lesions; clearly the true prevalence of atherosclerosis-like lesions in this strain can be determined only after examining larger numbers of affected animals.
At the present time we do not have information on the progression of the disease. However, in the animals examined to date, whose ages ranged from 2 to 18 months, extensive intimal lesions, including both fatty streaks and fibrolipid plaques, have been recorded. Extensions of the lesions into the media were also noted in some instances. A study to record the natural history of the disease is at present underway. This rabbit strain promises to provide a useful model for studying a variety of the putative mecha-nisms involved in both the induction and development stages of atherogenesis.
